Effect of growth orientation on charge-and orbital-ordering (CO-OO) phenomena has been studied for Pr0.5Ca0.5MnO3 epitaxial thin films fabricated on (LaAlO3)0.3-(SrAl0.5Ta0.5O3)0.7 (LSAT) substrates by means of resistivity, synchrotron x-ray diffraction, and polarized optical microscopy measurements. CO-OO transition is observed around 220 K for a film grown on an LSAT (011) substrate ((011)-film), similarly to a bulk sample, while a film grown on a (001) plane of LSAT ((001)-film) shows much higher transition temperature around 300 K. The domain size of OO is approximately 3 times as large in the (011)-film as in the (001)-film. These results demonstrate that various properties of CO-OO phenomena can be controlled with the growth orientation via the epitaxial strain from the substrate.
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PACS numbers:
Manganites with perovskite-related structures have been extensively studied as functional materials 1 . Several colossal magnetoresistive manganites have been reported to exhibit gigantic responses to various kinds of stimuli, such as electric-field, x-ray, and light, in addition to magnetic field 2,3,4,5 . In half-doped systems, chargeand orbital-ordering (CO-OO) instabilities often compete with, and dominate the ferromagnetic double exchange interaction, giving rise to insulating states. As a result, these materials are sensitive to perturbation, and the phase change accompanied by a huge decrease in resistivity is realized when subject to the external stimuli. Especially, that driven by voltage pulses 2 is of current interest related with the application in resistance-change nonvolatile memories 6, 7 . As another method of phase control, the growth orientation has recently proved to be effective in epitaxial films 8 . A thermally induced transition from CO-OO insulator to ferromagnetic metal was observed in Nd 0. • C in an oxygen pressure of 1.5 mTorr. The total thickness of the films is approximately 400Å. X-ray diffraction experiments were performed on beamlines 3A and 4C at the Photon Factory, KEK, Japan. The photon energy of the incident x-rays was 9.5 keV. Optical birefringence signal was measured by using a polarized optical microscope equipped with a CCD detector. Estimated spatial resolution is less than 1 µm, i.e. around light wavelength.
In Fig. 1 , we show schematic illustration on the relation between pseudo-cubic perovskite lattice and the LSAT substrates. We adopt the pseudo-cubic setting for denoting the crystal axes. Both of the a-and b-lattice constants are locked to those of substrate in the (001)-film, as evidenced by the x-ray diffraction pattern of (0 2 2) and (-1 0 3) reflections. By contrast, the a-lattice constant and [01-1]-axis are locked in the (011)-film, while b, c, and the angle between them have some freedom, as clearly revealed by an inspection of (0 2 1), (0 1 2), and (2 2 2) reflections. Figure 2 shows the temperature dependence of resistivity in various magnetic fields. As shown in Fig. 2 (b) , the (011)-film shows a clear anomaly associated with CO-OO transition around 220 K in zero filed, similarly to the bulk sample 11 . The anomaly is manifested more clearly in the plot of ∆(ln ρ)/∆(1/T ) in Fig. 2 (a) . The application of 12 T reduces the CO-OO transition temperature by 30 K, but the transition still takes place. With further increasing the magnetic field, the CO-OO transition collapses at 14 T, and instead a metallic state shows up at low temperatures. By contrast, the (001)-film does not show such a clear anomaly as observed in the (011)-film, as plotted in Fig. 2 (d) . However, a very broad peak structure is observed around 280 K (Fig. 2 (c) ) in ∆(ln ρ)/∆(1/T ), which turns out to almost coincide with the CO-OO transition temperature, as evidenced later by x-ray diffraction and optical birefringence (vide infra). This temperature is clearly higher than that of the bulk sample, in accord with the results in Refs. 14 and 15. In addition, the CO-OO is robust against the magnetic field at least below 14 T. These transport data imply that the CO-OO state is stabilized for the (001)-film in comparison with the (011)-film.
In order to clarify the growth orientation dependence of the CO-OO transition in more detail, we performed a synchrotron x-ray diffraction experiment. Figure 3 (a) shows the integrated intensity of (1/4 7/4 2) superlattice reflection, which corresponds to the characteristic Jahn-Teller distortion with (1/4 1/4 0) propagation vector, for the (011)-film. The superlattice reflection begins to grow at 220 K in accord with the anomaly in resistivity. In Fig. 3 (b) , lattice constants of the (011)-film are plotted 16 along with those of the bulk sample. Upon the CO-OO transition, the b-and c-axes are elongated and shortened, respectively. This behavior is similar to the bulk sample as indicated by dotted and dashed lines, and is allowed by the absence of the locking of the b-or caxis to the substrate. The temperature dependence of the superlattice reflection and lattice constants of the (001)-film is different from that of the (011)-film and/or bulk, as shown in Figs. 3 (c) and (d) . The integrated intensity of the (1/4 7/4 2) superlattice reflection subsists at higher temperatures than T CO of the (011)-film and the bulk sample, and finally disappears at T (001) CO ∼300 K, in accord with the resistivity data and the result reported in CO , the a-and b-lattice constants, which are locked by the substrate, show little temperature dependence, making marked contrast with the (011)-film. Due to the locking of the a-and b-lattice constants, the change in the c-lattice constant is also suppressed. The locked a-and b-lattice constants are sufficiently larger than that of the c-axis, similarly to the bulk sample in the ordered phase. This would be the origin of the stabilization of CO-OO states in the (001)-film. On the other hand, the b-and c-lattice parameters are not locked in the (011)-film, and therefore the observed behavior rather resembles that of the bulk sample.
In addition to the temperature dependence, the size of the ordered domains gives further information on the difference in growth orientation. Figure 4 (a) shows the profiles of (1/4 7/4 2) superlattice reflection and (0 2 2) fundamental lattice reflection of the thin films at 50 K. The (1/4 7/4 2) superlattice profile of the (001)-film is substantially broader than that of the (011)-film, which is as narrow as the fundamental lattice reflection. From these profiles, full width at half maximum (FWHM) is obtained, allowing the estimation of domain size. Thus obtained size of the orbital-ordered domain along the adirection at 50 K is about 370Å and 1000Å for the (001)-film and the (011)-film, respectively, while that of crystal lattice is 1900Å. Note that the instrumental resolution limit is greater than 7000Å. The FWHM is almost temperature independent at low temperatures, but shows a rapid broadening towards the respective T CO for both films, as shown in Fig. 4 (b) .
The short-ranged nature of the CO-OO state in the (001)-film is also confirmed by the optical birefringence signal. Figure 4 (c) represents polarized optical microscope images of the (001) (The temperature dependence of the integrated intensity of the birefringence is in accord with that of an x-ray superlattice reflection, as shown in Fig. 3 (c) .) Moreover, the brightness of the image at 18 K is not uniform, indicating that the distribution of the domain size depends on the position. The birefringence signal is strong in intensity at the positions where the domain size is sufficiently larger than the wavelength of the light (∼ several thousandÅ). On the other hand, the intensity should be reduced at the position where domains with different directions of orbital stripes (Fig. 4 (d) ), i.e. different directions of fastand slow-axes, assemble within the range of wavelength (or spatial resolution), because the spatially-averaged refractive index is less anisotropic. Therefore, the bright but non-uniform image at 18 K implies that the typical domain size is less than several thousandÅ, although a more quantitative estimate from the optical data is difficult.
There are two factors that characterize the CO-OO domain. One is the direction of the orbital stripe as depicted in Fig. 4 (d) , and the other is the phase of chargeand orbital-density wave in Fig. 4 (e) . In the case of the (001)-film, fine structures of domains with different direction of orbital stripe would form so as to recover the global tetragonality that is imposed by the locking of the a-and b-lattice parameters to the substrate. On the other hand, this constraint is weakened in the case of the (011)-film due to the unlocked b-lattice constant. This would be the main origin of smaller domain size of the (001)-film than that of the (011)-film.
In summary, we have performed resistivity, synchrotron x-ray diffraction, and polarized microscopy experiments for Pr 0.5 Ca 0.5 MnO 3 thin films fabricated on [001]-and [011]-oriented LSAT substrates. We have found that the CO-OO transition temperature of the (001)-film is much higher than that of the (011)-film and bulk sample. In addition, the domain size of orbital order is smaller in the (001)-film than in the (011)-film. These results demonstrate the controllability of the various properties of the CO-OO states in half-doped manganites with the change of the growth orientation via the epitaxial strain from the substrate. 
